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of Spectra Obtained from Mutants To Resolve Spectral Overlap'
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ABSTRACT: On the basis of an analysis of two-dimensional 'H NMR spectra, the complete sequence-specific
'H NMR assignments are presented for the phosphocarrier protein HPr from the Gram-positive bacterium
Bacillus subtilis. During the assignment procedure, extensive use was made of spectra obtained from point
mutants of HPr in order to resolve spectral overlap and to provide verification of assignments. Regions
of regular secondary structure were identified by characteristic patterns of sequential backbone proton NOEs
and slowly exchanging amide protons. B. subtilis HPr contains four 8-strands that form a single antiparallel
B-sheet and two well-defined a-helices. There are two stretches of extended backbone structure, one of
which contains the active site His;s. The overall fold of the protein is very similar to that of Escherichia
coli HPr determined by NMR studies [Klevit, R. E., & Waygood, E. B. (1986) Biochemistry 25, 7774-7781].

HPr1 is a heat stable protein of molecular weight ~9000
that functions as one of the phosphocarrier proteins in the
phosphoenolpyruvate:sugar phosphotransferase system (PTS)
that is responsible for the simultaneous uptake and phospho-
rylation of numerous sugars in both Gram-negative and
Gram-positive bacteria (Postma & Lengler, 1985; Reizer et
al., 1988a). In the PTS, enzyme I transfers a phosphoryl group
from phosphoenolpyruvate to the N*-position of the imidazole
ring of His,s of HPr. HPr(His-P) transfers this phosphate
to the N-position of the active site histidine of factor I11sU8"
or enzyme [I*88' depending on the specific sugar being
transported [for further details, see Saier (1985)].

In HPr from Gram-positive bacteria, Serys can be phos-
phorylated by a HPr-specific ATP-dependent protein kinase
to form HPr(Ser-P) (Reizer et al., 1984; Reizer & Peterkofsky,
1987). This regulatory phosphorylation has an inhibitory effect
on HPr function and has been proposed to give rise to a hi-
erarchy of preferences for the utilization of PTS sugars
(Deutscher et al., 1984). In addition, HPr and HPr(Ser-P)
kinase as well as the HPr-specific protein phosphatase have
been found in heterofermentative lactobacilli that lack the
other PTS components, suggesting that HPr(Ser-P) has a role
in the regulation of non-PTS-related functions (Romano et
al., 1987; Reizer et al., 1988b).

The sequence-specific 'H NMR assignments and model for
the solution structure of HPr for the Gram-negative bacterium
Escherichia coli have been previously reported (Klevit et al.,
1986; Klevit & Waygood, 1986). In this paper, we describe
a two-dimensional 'H NMR analysis of HPr from the
Gram-positive bacterium Bacillus subtilis. Although HPrs
from E. coli and B. subtilis perform the same function in their
respective PTSs and share 34% sequence identity (Gonzy-
Treboul et al., 1989; Reizer, 1989), they substitute poorly for
each other in PTS assays in vitro (Reizer et al., unpublished
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results). In addition, HPrs from the Gram-negative bacteria
E. coli and Salmonella typhimurium have a serine at position
46 and do not undergo the regulatory phosphorylation reaction
at this residue as do the Gram-positive HPrs (Reizer et al.,
1984; Reizer & Peterkofsky, 1987). A study that compares
the solution structures of the two HPrs will help to elucidate
common structural features that are relevant to the mechanism
and regulation of phosphate transfer.

One-dimensional NMR studies have been reported that
establish pK, values for titratable residues, aromatic ring
system resonance assignments, and the pH and temperature
stabilities of Gram-positive HPrs (Maurer et al., 1977; Kal-
bitzer et al., 1982, 1985). However, two-dimensional studies
are required to obtain sequence-specific assignments in order
to derive structural information. The assignments presented
here, which have been obtained by an analysis of wild-type
and mutant HPr spectra, have recently been used to show that
the serine-to-aspartate substitution mutation at position 46
causes the same type of perturbations of the structure of B.
subtilis HPr as does phosphorylation at Ser,, (Wittekind et
al., 1989). Further utilization of these assignments, in con-
junction with analysis of NOESY data, will facilitate a detailed
study of the solution structure of unmodified HPr as well as
that of phosphorylated and mutant forms of B. subtilis HPr.

MATERIALS AND METHODS

Protein Purification and Sample Preparation. Site-directed
mutagenesis to produce the S46A and S46D mutants, over-
expression of wild-type and mutant B. subtilis HPrs in E. coli,
and their purification have been described (Reizer et al., 1989).

! Abbreviations: PTS, phosphoenolpyruvate-dependent sugar phos-
photransferase system; HPr, histidine-containing phosphocarrier protein
of the PTS; PEP, phosphoenolpyruvate; ATP, adenosine 5’-triphosphate;
[*H]TSP, sodium 3-(trimethylsilyl)[2,2,3,3-2H,] propionate; NMR, nu-
clear magnetic resonance; NOE, nuclear Overhauser effect; 2D NMR,
two-dimensional nuclear magnetic resonance spectroscopy; COSY, two-
dimensional J-correlated spectroscopy; DQF, double quantum filter; 2Q,
two-dimensional double quantum spectroscopy; RELAY, two-dimen-
sional relayed coherence transfer spectroscopy; NOESY, two-dimensional
NOE spectroscopy; TOCSY, two-dimensional total coherence spectros-
copy.
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FIGURE 1: Spectra of wild-type and mutant forms of HPr. The regions of the 'H,O RELAY spectra containing the NH-C*H and NH-CfH
cross-peaks are overlaid. In both panels, the mutant spectrum is shown in red while the wild-type spectrum is shown in blue. (A) HPr mutant

S46A versus wild-type HPr; (B) HPr mutant S46D versus wild-type HPr. The NH-C*H and NH-C!

cross-peak pairs for several representative

amino acid spin systems are connected with lines: Val,; (solid); Vals, (small dashes); Leu,, (large dashes).

The pooled fractions from the G-50 column were lyophilized,
and NMR samples were prepared by dissolving 20 mg of HPr
in a 4-mL volume of 5 mM potassium phosphate buffer, pH
6.9, followed by dialysis against the same buffer. The sample
was lyophilized again and dissolved in 0.4 mL of either 99.96%
2H,0 or 90% 'H,0/10% 2H,0, centrifuged to remove in-
soluble material, and transferred to a 5-mm NMR tube. The
final concentration of HPr was ~5.6 mM, in 50 mM potas-
sium phosphate buffer, pH 6.9.

NMR Spectroscopy. All 'H NMR spectra were obtained
on Bruker AM-500 and WM-500 spectrometers except the
previously described home-built 500-MHz NMR spectrometer
(Klevit & Drobny, 1986) was used to record the TOCSY
spectra. The spectra were collected over 6579 Hz with quad-
rature detection into 1024 complex points, giving a digital
resolution after transformation of 6.4 Hz/point in t,. Typi-
cally, 64 scans were signal-averaged for each ¢; value with a
recycle time of 1.5 s in 2H,0 and 2.0 s in 'H,0. Solvent
suppression was performed by presaturation during the recycle

time or by utilization of the SCUBA sequence (Brown et al.,
1988) with 1, = 60 ms. Unless otherwise noted, all spectra
were obtained at 30 °C. Data processing was carried out with
the software package FTNMR (Hare Research, Woodinville,
WA). Chemical shift values are referenced to [2H]TSP at
0.0 ppm.

COSY (Aue et al., 1976) and RELAY (Eich et al., 1985)
spectra were collected and processed in the absolute value mode
by use of a sine-bell window function in each dimension.
Mixing times of 32 ms ('H,0) and 26 ms (*H,0) were used
in the RELAY experiments (Bax & Drobny, 1985). Typically,
300-350 ¢, increments were recorded for each two-dimensional
experiment.

NOESY (Bodenhausen et al., 1984), TOCSY (Braun-
schweiler & Ernst, 1983; Bax & Davis, 1985), and DQF-
COSY (Rance et al., 1983) experiments were collected in the
phase-sensitive mode by use of time-proportional phase in-
crementation for quadrature detection in the w, dimension
(Marion & Wiithrich, 1983). With this implementation,
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FIGURE 2: Comparison of the aliphatic regions of the spectra. The *H,0 DQF-COSY spectra of wild-type HPr (black and red) and the S46D
mutant HPr (blue and green) are overlaid. The region depicted shows some of the C*H-C®H cross-peaks. Cross-peaks that show large shifts
between the two spectra are indicated with lines parallel to the wild-type cross-peak along either w, or w; connected to boxes outlining the

position of the same cross-peak in the S46D spectrum.

600-700 experiments were obtained for each two-dimensional
experiment. NOESY data were collected with mixing times
of 75 and 150 ms and apodized with a sine-bell window
function, phase shifted by 45°, and skewed toward the be-
ginning of the free induction decay in both r, and t,. The
TOCSY experiment was obtained by use of the MLEV17
mixing sequence (Bax & Davis, 1985) with a mixing time of
70 ms, and resolution enhancement during data processing was
carried out as described for the NOESY experiment. Data
from the DQF-COSY experiments were processed with a
sine-bell window function in both dimensions.

Double quantum (2Q) spectra (Braunschweiler et al., 1983)
were acquired by use of a 40-ms delay during the multiple
quantum excitation period and processed in the absolute value
mode.

For determination of persistent amide protons, a wild-type
HPr sample was lyophilized from a buffered "H,O solution
and resuspended in 2H,0, and a RELAY experiment was
begun within 2 h. The temperature was 30 °C and the du-
ration of the experiment was approximately 14 h.

RESULTS

Characterization of Spin Systems. The sequence-specific
assignment procedure developed by Wiithrich and co-workers
(Wiithrich et al., 1982; Wiithrich, 1986) was utilized in this
study. At the initial stage of spin-system characterization,
cross-peaks present within the NH-C*H fingerprint region of
the COSY spectra were correlated with the C#H spins by use
of RELAY spectra recorded in '"H,0. To overcome spectral
overlap problems, use was made of spectra acquired from
mutant forms of HPr in which the serine at position 46 was
replaced by various amino acid residues (Reizer et al., 1989;
Wittekind et al., 1989). In Figure 1A, the amide region of
the RELAY spectra of the wild-type and the serine-to-alanine
substitution mutant (S46A) proteins are overlaid. Many of
the cross-peaks are exactly coincidental in the two spectra while
other cross-peaks show perturbations that range from less than
a line width to 0.4 ppm. As illustrated for several examples,
by following the positions of both NH-C*H and NH-CPH
cross-peaks, spin systems could be unequivocally identified
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simultaneously in both wild-type and mutant spectra. Thus,
in cases where several protons resonate at a given frequency
in one of the spectra, it was often possible to identify the spin
systems if one of the amides was even slightly shifted from
its position in the mutant spectrum. A different set of per-
turbations is found when the wild-type spectrum is compared
to the serine-to-aspartate substitution mutant (S46D) spectrum
(Figure 1B).

The superposition of the aliphatic regions of the DQF-
COSY spectra of the wild-type and S46D mutant proteins is
shown in Figure 2. The phase-sensitive, four-color repre-
sentation aids in the identification of the shifted C*H-CfH
cross-peaks. Again, perfect superposition of cross-peaks for
certain resonances (e.g., Lysg, and Gluqg) is observed while
other cross-peaks undergo shifts in one or both dimensions
(e.g., lle;4 and Val,3). Analysis of these spectra allowed for
the identification of self-consistent sets of shifted NH-
CeH/NH-CPH /C*H-CPH cross-peaks and confirmed that
the correct spin-subsystem identifications had been made.

Standard analysis of RELAY and TOCSY spectra obtained
in 2H,O was utilized to assign an amino acid type or class
designation to as many spin subsystems as possible. In some
cases, complete assignments were made for all carbon-bound
protons within a spin system. This was possible for the unique
arginine (Arg;,) and proline (Pro,3) spin systems (Figure 3).
The identification of these systems was useful because they
are in a region of HPr devoid of regular secondary structure
and provided a starting point during the subsequent se-
quence-specific assignment stage. Further assignments were
made possible by analysis of the double quantum (2Q) spectra.
These experiments were useful for both identifying CPH res-
onances of many spin systems and providing verification of
the glycine spin-system assignments (Rance et al., 1989).

The relative spectral simplicity of the aromatic region (two
tyrosines, one phenylalanine, and one histidine) allowed easy
assignment of the ring system resonances of these amino acid
spin systems by an analysis of the cross-peaks found in the
DQF-COSY and RELAY spectra. These assignments are in
agreement with those previously published on the basis of a
one-dimensional analysis of this region of the spectrum
(Kalbitzer et al., 1985). The identities of the four aromatic
spin systems were established by the presence of clearly re-
solved cross-peaks in the 2H,O NOESY spectrum corre-
sponding to NOEs between the C#Hs of previously delineated
NH-C*H-C?H subsystems and ring proton resonances.

'H Sequential Connectivities in the 3-Sheet. Because
downfield-shifted C*H resonances have been shown to be
derived from residues involved in the 8-sheet structure of
proteins (Wagner et al., 1983), including E. coli HPr (Klevit
et al., 1986), the C*H resonances exhibiting downfield shifts
were chosen as a starting point for the sequential assignment
procedure. However, assignment of these cross-peaks was
hampered by two difficulties. First, only a few of the down-
field-shifted NH-C*H cross-peaks could be unambiguously
associated with an amino acid type designation on the basis
of analysis of the RELAY and TOCSY spectra. Second,
overlap of the NH-C*H cross-peaks and redundancy in the
NH dimension made tracing the NOE connectivities impos-
sible in some instances. A data set collected at a higher
temperature (42 °C) was not helpful in resolving much of the
chemical shift redundancy (data not shown).

Figure 4 illustrates how the NOESY and RELAY spectra
obtained for the S46D mutant were used to resolve the
chemical shift overlap within this region. The downfield
portion of the fingerprint region is shown with the 'H,O
NOESY spectrum plotted over the 'H,O RELAY spectrum.

Wittekind et al.

As an example, the spectrum of wild-type HPr (Figure 4A)
shows severe overlap for the NH-C*H cross-peaks of Ileg, and
Serg, in both w, and w,. Two strong d, [C*H({)-NH(i+1)]
NOE cross-peaks occur at this same NH resonance position,
and the backbone connectivity cannot be unambiguously
traced. Figure 4B shows the same representation of the spectra
obtained for the S46D mutant protein. The Ileg; and Serg,
cross-peaks are now resolved, and the d,5 connectivities can
be followed easily. Other examples of the resolving power of
these mutant spectra include resolution of the overlap of the
NH resonance positions of Lys, and Thrg, and those of Tyr;,
and Alag;, allowing assignment of the d y cross-peaks at these
positions. Of course, the spectra of the mutant HPr contain
some chemical shift overlap that is not present in the spectra
of the wild-type protein (e.g., the Gluss and Pheg NH reso-
nance positions). Therefore, it is through the combined use
of the two sets of spectra that much of the overlap found in
the wild-type and mutant protein spectra can be resolved.

Once a set of NH-C*H coherence transfer cross-peaks
connected by d,5 NOE connectivities was identified, the se-
quence-specific assignments for these residues were made on
the basis of an amino acid type assignment involving one or
more cross-peaks. Assignments were made for the four strands
of the 3-sheet structure in this manner by use of the italicized
amino acid residues as starting points: A strand, Ala,-
Glny-Lysy-Thrs-Pheg-Lys,-Valg; B strand, Alaj-Asps,-
Valys-Asnyy-Leuss-Glugg-Tyrys-Asngg; C strand, Thry -
Val,-Asng-Leuy,; D strand, Glugg-lleg - Thrg,-Ilegs-Serg,-
Alags-Serge-Glygr.

Interstrand NOEs provided further verification of the -
sheet structure. d,, NOE connectivities characteristic of an
antiparallel arrangement of strands were observed and are
depicted in Figure 5 along with the other observed interstrand
NOEs. The pattern of persistent amides is consistent with the
placement of the A and C f-strands at the edges of the
four-stranded B-sheet. The overall arrangement of the G-sheet
1s the same as that found in the NMR solution structure of
E. coli HPr (Klevit & Waygood, 1986), although some minor
differences are observed (see Discussion).

'H Sequential Connectivities in the a-Helices. A similar
approach to that just described for obtaining the 5-sheet as-
signments was used to identify the amino acid residues in
a-helical conformations. A set of dyy [NH()-NH(i+1)]
NOE:s, indicative of residues involved in «-helices (Wiithrich,
1986), were present in the downfield portion of the 'H,O
NOESY spectrum of wild-type HPr. However, ambiguities
arose at several places where two or more spin systems had
the same NH resonance frequency. Resolution of some of this
overlap was again made possible by superposition of the
wild-type and mutant spectra. [dentical displacement in the
NH chemical shift dimension for NH-C*H and NH-CfH
coherence transfer (RELAY) cross-peaks (giving connectivities
within a particular amino acid spin system) and an NH(/)-
NH(i+1) NOESY cross-peak (giving sequential connectivity
to other spin systems) indicated that the cross-peaks shared
a common NH resonance. In this way, many ambiguities
could be resolved.

To illustrate this point, Figure 6 shows the superposition
of the wild-type and S46D spectra. There are a number of
cross-peaks that are coincidental in the two spectra, while
others are shifted. In this case, it can be seen that large
displacements within the NH dimension allow an unambiguous
assignment for some of the NH-CPH/NH-NH cross-peak
pairs. Further verification of the identity of the shifted peaks
was made possible by analysis of the extended spin systems
in other spectra of the two proteins (data not shown). With



Sequence-Specific 'H NMR Assignments of B. subtilis HPr

L3 Ll L} L] v.
3.6 3.2 2.8 2.4 2.0

pPm

FIGURE 3: Aliphatic region of the TOCSY spectra recorded in 2H,0.
The Arg,; (dashed lines) and Pro,g (solid lines) spin systems are traced.
Resonance positions of the C*H, C®H, C*H, and C’H protons are
indicated by «, 8, v, and §, respectively, preceded by either R (Arg;;)
or P (Proy).

this type of analysis, the spin systems corresponding to residues
Alay through Lys,g, making up the A a-helix, were assigned.

Another stretch of dyy connectivities was identified and
found to correspond to a long a-helix analogous to the C helix
in the E. coli HPr structure. Assignment of the B. subtilis
C helix was completed without relying on the mutant spectra
because the S46D and S46A mutations have no effect on the
chemical shift positions of the spin systems of the residues in
the C helix. Sequential assignments for Asn,s/Alass and
Thrge/Metg, in the C helix were made by identifying d,x,, ..
dop., and dg,., connectivities because the sequential dyy
cross-peaks for these residue pairs were on the diagonal.

'H Sequential Connectivities in Regions of Nonregular
Secondary Structure and Turns. Figure 7 summarizes the
sequential connectivities for B. subtilis HPr and outlines the
locations of the A and C a-helices and the four strands of the
B-sheet. It can be seen that there are two regions of the protein
connected by sequential NOE connectivities that do not appear
to adopt a regular secondary structure. The segment
Gly,s;-Ala,q, containing the active site His;s, appears to be in
a predominantly extended conformation because all of the
observed backbone NOEs are of the d,,\ type. The sequential
NOE:s that connect the segment starting with Lys,s and ex-
tending through Alas, also do not represent a region of
well-defined secondary structure. However, the presence of
a single turn of an a-helix in this segment is suggested by the
dnn connectivities connecting residues Vals, through Leus; and
the d,n,,, and dgy,,, connectivities between Vals, and Leus;
(see Discussion).

The remaining stretches of NOE connectivities can be
classified as turns that connect the regions described above.
The sequence Thry—Ser,, makes up turn 1 that connects 8-
strand A with the extended region containing the active site
His,s. Turn 2 (Tyrys—Alay,) is a very abrupt reversal of the
backbone that connects the end of a-helix A with 3-strand B.
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Turn 3 (Tyr;,~Lyssg) is @ B-turn that reverses the direction
of the neighboring 8-strands B and C. Turn 4 (Leuy—Lysy;)
joins B-strand C with the extended segment Lys,,—Alasg, and
turn 5 (Lyss;—Glugg) connects this segment with 3-strand D.
Turn 6 (Alaggs—Asn,;) reverses the direction of 3-strand D,
joining it to the a-helix C. The sequence-specific assignments
are listed in Table 1, and Figure 8 shows the fingerprint-region
NH-C*H cross-peaks labeled with the assignments.

Long-Range Connectivities and Global Fold. Table 11
contains a list of NOEs observed between spin systems cor-
responding to amino acid residues that are nonadjacent in the
primary sequence (NOEs connecting the strands of the 3-sheet,
summarized in Figure 5, are omitted from this table). Some
of these help to define the positions of the a-helices relative
to the 3-sheet. There is only one global fold, shown in Figure
9, consistent with these observations, and it corresponds to a
right-handed structure in which the a-helices lie on the same
side of a four-stranded antiparallel 8-sheet.

DISCUSSION

On the basis of the functional and primary sequence sim-
ilarities, Gram-positive HPr was expected to have secondary
and tertiary structures (and hence NOE patterns) similar to
those determined for Gram-negative HPr. However, the as-
signments described here were made de novo, and some as-
signments were impossible due to spectral overlap when the
wild-type spectrum alone is used. To overcome this problem,
extensive use was made of 2D NMR spectra of point mutants
of HPr. Other groups have successfully used analysis of
naturally occurring variants and site-directed mutant proteins
predominantly for verification of assignments of the mutated
residues [for examples, see Markley et al. (1984) and Gro-
nenborn et al. (1986)]. In the present study, our emphasis
has been to exploit the chemical shift perturbations that many
of the unmutated residues undergo in the spectra of the mutant
proteins. This approach has also been utilized to some extent
by others to help assign the proton resonances of hirudin
(Folkers et al., 1989). These results suggest that concurrent
assignment of the mutant protein spectra along with that of
the wild-type protein can be extremely helpful. The extra time
spent acquiring and assigning the additional spectra is more
than offset by the gain in resolution and the increase in re-
liability of the resulting assignments.

The overall fold of the protein has a-helices on one side and
a single antiparallel 3-sheet on the other with a well-defined
hydrophobic core at the interface of these structural elements.
This type of fold has been termed an “open-face sandwich”
structure (Richardson, 1981). The global fold of B. subtilis
HPr is the same as that determined for E. coli HPr on the basis
of NMR analysis (Klevit & Waygood, 1986). However,
several differences are found when details of the two structures
are compared.

In the 8-sheet, there is no evidence in the B. subtilis HPr
spectrum for a 3-bulge, between residues 35 and 63, as sug-
gested by an NOE analysis of the E. coli 3-sheet structure
(Klevit & Waygood, 1986). In the B. subtilis spectrum, all
of the amide protons forming hydrogen bonds between the B
and D strands of the 8-sheet are persistent to exchange and
all d, connectivities are present along these strands. This
conclusion is further supported by the presence of many
cross-strand NOEs between the two §-strands, although the
diagnostic d,, connectivity between residues 35 and 63, which
is absent in the E. coli spectrum, is on the diagonal and is
unobservable due to the redundancy of the C*H resonances
of Leuss and lleg; in the B. subtilis spectrum. It is likely that
the unfavorable packing of the CP-branched side chains of
Val;s and Ileg; in the E. coli protein is relieved by the sub-
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FIGURE 4: d,y connectivities among the residues forming the S-sheet of wild-type and mutant HPrs. The downfield portions of the fingerprint
regions of the RELAY (red) and NOESY (green) spectra are overlaid, and sequential d_, connectivities from -strand D (Glugg through Sergg)
are traced for wild-type HPr (panel A) and the S46D mutant (panel B). Relevant sequence-specific assignments are indicated with the one-letter

amino acid code followed by the residue number.
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FIGURE 5: [-Sheet structure of HPr. Diagram of the antiparallel 3-sheet determined by lnng-range NOEs. Short, solid lines represent strong
d,, connectivities while the dark, dotted lines depict weak dy and dyy NOEs. Potential cross-strand NOEs that were not detectable due
to apcctral overlap are denoted with thin, dashed lines. The amide protons that are circled represent persistent NHs.

stitution of leucine at position 35 in B. subtilis HPr (Rich-
ardson, 1981).

Another difference between the two 8-sheet structures is
the nature of the secondary structure of the N-terminus, Met,
and Phe, are part of the §-sheet structure of E. coli HPr as
evidenced by clearly resolved cross-strand NOEs. However,
in the B. subtilis HPr spectra, the amide resonances of Met,
and Ala, were not observed (see Table I). This may be due
to dynamic properties of the amide protons or to spectral
overlap. It is therefore unclear whether these two residues
form part of the 8-sheet structure of B. subtilis HPr.

The region of B. subtilis HPr that contains the active site
His,; differs from the corresponding segment from E. coli HPr
in the nature of the sequential connectivities connecting some

of the residues. For example, B. subtilis HPr has d_ con-
nectivities connecting Gly,;-Ile,4-His,s while E. coli HPr has
dyn connectivities joining Gly,;-Leu,-His;s. However, NOEs
between the side-chain resonances of His,s and Arg;; indicate
that this region may retain some of the kinked structure that
has been suggested for the active site of E. coli HPr (Klevit
& Waygood, 1986). In the other region of HPr made up of
nonregular secondary structure, a single turn of an a-helix is
suggested for B. subtilis HPr by dyy connectivities and by one
set of dgy,,, and d,,,,, NOEs. However, the exact location
of this helix is not conserved between the two HPrs, with the
E. coli B a-helix being made up of residues 46—52 and the
putative one-turn a-helix occurring at residues 50-53 in B.
subtilis HPr. Neither of these helices is well-defined by the
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FIGURE 6: Spectral overlap resolution in amide region for spin systems of amino acids involved in a-helix A. (A) 'H,O RELAY spectrum
showing NH-CPH cross-peaks. (B) 'H,O NOESY spectrum featuring NH-NH cross-peaks. In both panels wild-type HPr spectrum is blue
and S46D mutant spectrum is red. NH—CPH to NH-NH cross-peaks are connected, and NH-NH connectivities are traced for both wild-type
(—) and mutant (- - -) spectra for residues comprising helix A (residues 20-28). Arrows in the upper portion indicate NH-CPH cross-peaks
undergoing large position shifts. NOESY spectrum has been symmetrized for clarity. Weak NH-NH NOESY cross-peak corresponding
to connectivity between Leu,y; and Val,; in the S46D spectrum is not observable due to symmetrization treatment.
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Table I 'H NMR Chemical Shifts (ppm) of Wild-Type B. subtilis HPr?

residue NH CeH CfH CH C'H other
Mt

A2 4.35 1.63

Q3 8.99 5.73 2.17, 1.90 2.29, 2.24

K4 8.97 4,50 1.69, 1.55 1.29, 1.27 1.06, 1.04 (C*H) 2.89
T5 8.32 5.39 3.90 1.30

F6 9.44 5.03 2,94, 2.55 (CtH) 7.22, (C'H) 6.99
K7 9.25 5.19 1.96, 1.93 1.79 (C*H) 3.68, 3.11
V8 9.19 4.47 2.41 1.06, 0.93

TS 9.17 4.52 4.45 1.24

AlOQ 6.99 4,44 1.63

D11 8.86 4.43 2.80

S12 8.59 4.61 4.04, 3.98

Gl3 7.94 4,51, 3.33

[14 7.89 4.23 2.07 1.31, 1.05 (C*H;) 0.66 (C™H,) 0.67
H15 6.72 4.98 3.56, 3.25 7.25 (C*H) 7.94
Al6é 8.79 3.92 1.60

R17 8.24 4.34 2.37,1.79 2.07, 2.01 3.23,2.93

P18 4,44 2.10, 2.07 1.87, 1.77 3.42,3.33

Al19 8.11 3.75 1.31

T20 8.02 3.82 4.57 1.30

V21 7.49 3.86 2.17 1.05, 1.00

L22 7.93 395 1.97, 1.40 1.72 0.73

V23 8.42 4.26 2.12 1.02, 0.93

Q24 8.70 4.10 2.38, 2.21 2.67, 2.50

T25 8.03 4,07 4.50 1.33

A26 8.62 4.03 1.52

S27 8.26 4.25

K28 7.41 4.08 1.73, 1.67 1.37 (C*H) 3.03
Y29 7.50 4.49 3.24, 2.66 7.35 (CH) 6.80
D30 11.24 4,57 2.76

A3l 9.56 4.26 1.06

D32 8.17 4,72 2.77,2.72

Vi3 9.11 5.16 1.83 0.95, 0.90

N34 9.26 5.76 2.62, 2.53

L35 9,27 5.21 1.67, 1.53 1.60 0.85

E36 9.46 5.67 2.15,1.99 2.22,2.09

Y37 9.06 5.23 3.21, 2.81 7.35 (C¢H) 7.07
N38 9.56 4.29 2.87, 1.65

G39 9.08 4.22,3.72

K40 8.07 4.75 2.01, 1.95 1.81, 1.55 1.49 (CH) 3.10
T41 8.45 5.50 3.93 1.15

V42 9.35 483 2.26 0.99, 0.90

N43 8.48 5.04 3.06, 3.03 (6NH,) 7.73, 7.18
L44 9.05 4.22 1.59, 1.18 1.94 0.98, 0.95

K45 8.13 4.49 1.81

S46 7.63 488 4.24, 3.86

147 8.90 3.89 1.93 1.64, 1.24 (C'H,) 1.02 (C"H,) 1.04
M4 8.41 3.72 2.26, 1.09

G49 8.07 4.09, 3.96

V50 7.93 3.69 1.12,0.84

MS51 8.43 4.31

S52 8.11 4.56

Ls53 7.26 4.37 2.08, 1.65 1.12

G54 7.67 4.06, 3.84

55 8,78 3.01 1.53 1.37,0.77 (C®H;) —0.08 (C"H,) 0.58
AS6 7.80 4.67 1.58

K57 8.44 3.69 2.20, 1.68 1.38, 1.29 (CH) 3.11
Gs8 9.02 4.56, 3.72

AS59 7.85 4.54 1.61

E60 8.55 5.51 2.24,2.10 2.41,2.22

I61 9.12 5.54 2.00 1.79, 1.15 (C‘H;) 0.98 (C"H,) 0.74
T62 8.97 5.34 4.13 1.13

163 9.33 5.15 1.94 1.83, 1.08 (C*H,) 0.92 (C*H,) 0.75
S64 9.11 5.56 3.91, 3.81

A65 9.06 5.80 1.25

S66 8.78 5.43 3.88, 3.78

G67 9.96 4.76, 4.11

A68 9.20 4.24 1.60

D69 8.20 5.19 3.38, 2.87

E70 7.52 3.67 2.28, 1.95, 2.84

N71 8.50 4.49 2.84 (6NH,) 7.82,7.17
D72 7.75 4.39 2.78, 2.69

A73 8.22 2.52 0.89

L74 7.72 3.97 1.70 1.86 0.95, 0.85

N75 8.12 4.57 2.94, 2.94 (6NH,) 7.83, 6.91
A76 8.10 4.32 1.64

L77 8.44 4.03 2.08, 1.18 1.78 1.01, 0.89
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Table I (Continued)

residue NH C*H C*H C'H CH other
E78 8.72 3.90 2.52,2.33 2.48, 2.43
E79 8.10 4.23 2.32,2.31 2.52, 2.44
T80 8.47 4.18 4.24 1.17
M81 8.44 3.98 2.14, 1.59
K82 7.82 4.52 2.11 1.83, 1.70 1.91 (C*H) 3.16
S83 9.30 4.30 4.16, 4.10
E84 8.26 443 2.09, 1.98 2.50, 2.22
G385 7.84 4,06, 3.99
L86 8.52 4,43 2.14,1.27 1.68 0.86, 0.81
G87 7.38 4,82, 4.30
Q88 8.56 4.68 2.24,2.16 2.34, 2.31
2At 30 °C in 50 mM phosphate buffer, pH 6.9, with ppm relative to [?PH] TSP at 0.00 ppm.
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FIGURE 7: Summary of the sequential NOE connectivities observed
for B. subtilis HPr. The three types of nearest-neighbor connectivities
used for the sequential assignments (d,n, dnn, and dﬁN) are sum-
marized along with the d,y, dgn, and d,g connectivities observed
between residues / and i+3. The presence of persistent backbone amide
protons is indicated by the solid diamonds. NOE connectivities that
may exist but were unobservable due to spectral overlap are denoted
by the asterisks. Secondary structural elements of B. subtilis HPr
as deduced from the short-range and medium-range connectivities
are indicated.

Table II: Medium- and Long-Range NOEs between Residues of
Wild-Type B. subtilis HPr

residues belonging to NOE:s
active site—~(3-sheet Gly,;~Pheg
active site His,s—Arg);

extended—-g3-sheet Iless—Tyry,
Leug;=Tyrs;

Alag-Tyry

C helix—B-sheet Gluss—Pheg
turn 1-turn § Valg-Glysg
Va]g-Alasg
active site—extended Gly,;-Alagg
Args-Tless
Prolg"‘lleﬁ
A helix-extended Ala;g—Valgg

A helix—C helix Tyrys—Aspey
Tyryg—Aspy,

Ty r29—Ala7 3

turn 2-turn 6 Alay—Aspgg
Alagl—G]U-[o
turn 6 Sergg—Gluyg

Gly67—G1U7°

8.0 7.5 7.0

epm

FIGURE 8: Sequence-specific assignments for the NH-CH cross-peaks
of HPr. The fingerprint region of the phase-sensitive DQF-COSY
spectrum in 'H,O is shown with assignments derived from the se-
quence-specific assignment procedure. This spectrum was obtained
with the SCUBA pulse sequence (Brown et al., 1988) for water
suppression.

9.5 9.0 8.5

FIGURE 9: Tertiary folding of B. subtilis HPr. A model of the solution
structure of HPr based on the NOE data is shown. The labels assigned
to the B-strands and a-helices (large letters) are consistent with those
used in the E. coli HPr model (Klevit & Waygood, 1986). The small
letters N and C denote the amino- and carboxy-termini, respectively.
The numbers represent the residue number of the amino acid at that
position in the structure. The region between Serys and Glug, may
include a short a-helix between residues 50 and 53 (see text).

presence of persistent amides or an extensive network of i to
i+3 connectivities as seen in the A and C a-helices. Overall,
the segments of nonregular secondary structure (residues
12~-19 and 46-57) appear to be in somewhat different con-
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formations in the two HPr structures.

The availability of the complete sequence-specific 'H NMR
assignments for B. subtilis HPr forms the basis for the ongoing
quantitative analysis of the NOESY data with the goal of
refining the solution structure. The refined solution structure
of B. subtilis HPr will be useful for defining the environment
around the active site and interpreting the results of mutational
studies (Eisermann et al., 1988; Reizer et al., 1989) and for
comparison studies with the E. coli HPr structure. These
results will form the basis for studies concerning the effects
of phosphorylation at His,s and at Ser, on the structure of
HPr.

ADDED IN PROOF

A sample of the B. subtilis HPr used in the NMR studies
was subjected to N-terminal sequence analysis. This protein,
expressed in E. coli, lacks Met, and begins with Ala, (Hai Le
Trong and Ken Walsh, personal communication). This result
is consistent with our inability to detect the amide proton
resonances from Met, and Ala, in the 2D NMR spectra.
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